One sentence summary: Studying microbial interactions between photoautotroph and heterotroph is critical for understanding and modelling processes of the microbial food web in the ocean.
INTRODUCTION
Phytoplankton perform half of the global primary production in oceans, and ∼20 Gt of carbon fixed by phytoplankton is directly metabolized every year by heterotrophic bacteria in the euphotic zone (Falkowski Barber and Smetacek 1998; Field et al. 1998; Azam and Malfatti 2007; Moran et al. 2016) . The degradation of phytoplankton-fixed carbon by heterotrophic bacteria is an important component of carbon cycling in the upper ocean, and changes in cycling could influence the flux of organic carbon throughout oceans (Williams 1998; Azam and Malfatti 2007) . Further, interactions between phytoplankton and heterotrophic bacteria are fundamental to the marine food web (Azam et al. 1983; Braakman Follows and Chisholm 2017; Seymour et al. 2017) and influence ocean biodiversity (Hibbing et al. 2010; Brussaard et al. 2016) .
Despite variation in phytoplankton species and environmental conditions, previous studies have demonstrated that limited heterotrophic bacterial lineages are intimately associated with phytoplankton blooms, which include the phyla Bacteroidetes (mainly members of the class Flavobacteriia, hereafter referred to as Flavobacteria) and Proteobacteria (mainly including members of the Alphaproteobacteria and Gammaproteobacteria) (Teeling et al. 2012; Buchan et al. 2014) . Furthermore, specific taxa (e.g. Flavobacteria, Roseobacter (referring to members of the Roseobacter clade), and Alteromonas) display specific successional patterns in the utilization of phytoplankton carbon, which is based on their behaviors in different growth phases of the phytoplankton (Teeling et al. 2012; Buchan et al. 2014; Zheng et al. 2018) . The genomic and metabolic characteristics of these bacteria enable their ready response to quick pulses of organic carbon that occur during phytoplankton blooms (Gonzalez et al. 2008; Newton et al. 2010; Tang et al. 2017) . In particular, Flavobacteria and Roseobacter are frequently used as useful models for studying the interactions between photoautotrophs and heterotrophs, and to investigate the metabolism of phytoplankton carbon, including particulate and dissolved organic carbon (POC and DOC, respectively) (Buchan Gonzalez and Moran 2005; Buchan et al. 2014; Barbeyron et al. 2016; Christie-Oleza et al. 2017) .
Flavobacteria are the major group of Bacteroidetes found in marine environments, and are usually detected as the 'first responders' to phytoplankton blooms (Kirchman 2002; GomezPereira et al. 2012; Teeling et al. 2012) . Flavobacteria specialize in the degradation of complex high molecular weight (HMW) organic matter or biopolymers (Kirchman 2002; Gomez-Pereira et al. 2012; Teeling et al. 2012) . In particular, Roseobacter are globally distributed in oceans and are thought to be important ecological generalists (Mou et al. 2008; Newton et al. 2010) . Roseobacter can utilize both biopolymers and labile, low molecular weight (LMW) substrates, including the by-products from phytoplankton growth and Flavobacteria growth (Mou et al. 2008; Teeling et al. 2012; Christie-Oleza Scanlan and Armengaud 2015) . Genomic analyses have commonly identified outer membrane adhesive proteins for attachment/aggregation in cultivated Flavobacteria and Roseobacter (Alavi et al. 2001; Buchan et al. 2014) . In addition, Flavobacteria are capable of gliding motility over (cellular) surfaces. All of the above physiological characteristics may facilitate the direct and rapid utilization of organic carbon from phytoplankton by Flavobacteria and Roseobacter.
During normal interactions between phytoplankton and heterotrophic bacteria, phytoplankton provide labile organic carbon and other nutrients in the form of photosynthate for heterotrophic metabolism. Concomitantly, photoautotrophs benefit from the supply of essential micronutrients, such as vitamins and bioavailable trace metals from the heterotrophic bacteria (Amin Parker and Armbrust 2012; Kazamia et al. 2012; Christie-Oleza Scanlan and Armengaud 2015) in addition to the removal of reactive oxygen species (Morris et al. 2008; Morris et al. 2011) . However, phytoplankton-heterotroph interactions are not only synergistic, but vary according to the phase of the bloom/cultures and local environmental conditions (Yager et al. 2001; Seyedsayamdost et al. 2011) . Competition and parasitism are also especially observed in the exponential and decay phases of phytoplankton blooms/lab cultures (Dziallas and Grossart 2011; Li et al. 2011; Louati et al. 2015) . Some bacteria (e.g. Roseobacter) compete with their host for essential inorganic nutrients (e.g. phosphorous and nitrogen), and several cooccurring taxa (e.g. Roseivirga spp.) can even produce algicidal compounds that kill phytoplankton (Shi et al. 2013; Sun et al. 2016) .
These interactions are difficult to investigate in situ, partly because the major photoautotrophs in oceans are microscopic, unicellular phytoplankton (e.g. diatoms and marine Cyanobacteria). However, lab cultures of one of the dominant marine photoautotrophs, Synechococcus, frequently contain associated heterotrophic bacteria, which is likely due, in part, to their intimate co-dependency (Cole et al. 2014; Christie-Oleza et al. 2017) . In our previous study, Flavobacteria and Roseobacter were the dominant taxa associated with the early stages of Synechococcus isolation, purification and cultivation, and they exhibited different lifestyles (free-living versus aggregated/attached) throughout the Synechococcus growth period (Zheng et al. 2018) . Here, we analyzed the genomic characteristics and potential metabolic strategies of two heterotrophic bacteria whose genomes were obtained by the genomic binning of metagenome contigs derived from a laboratory culture metagenome. The heterotrophic bacteria belonged to the first (Flavobacteria) and the second (Roseobacter) most dominant heterotrophs that are associated with Synechococcus cultures from estuaries (Zheng et al. 2018) .
MATERIALS AND METHODS

Synechococcus cultivation and DNA extraction
A batch culture of Synechococcus sp. XM-24 was grown in SN medium (Waterbury et al. 1986) at 22
• C with irradiation at 10 μmol photons·m −2 ·s −1 . Cells were collected for total community DNA extraction from 10 mL of cultures (in both the stationary and decline phases) by centrifugation. DNA was extracted from the collected cells using the hot sodium dodecyl sulphate DNA extraction method with a phenol/chloroform extraction, and DNA precipitation with isoamyl alcohol (Fuhrman Horrigan and Capone 1988) . The quality and quantity of DNA were assessed using a NanoDrop spectrophotometer (ND-2000; Thermo Fisher) . DNA extracts were stored at −80 • C for future analyses.
Metagenome sequencing and assembly
Metagenomic sequencing was performed on the Illumina MiSeq (Illumina, San Diego, CA, USA) platform using the MiSeq reagent V2 Kit chemistry and a paired-end 2 × 250 bp cycle run. DNA library preparation was performed using the NEBNext R Ultra TM DNA Library Prep Kit (NEB, USA) and following manufacturer's instructions. Raw sequencing reads were trimmed and filtered using criteria that all of the nucleotides in one read have a quality score equal or above 20. Paired-end 2 × 250 bp sequencing from the stationary and decline phase metagenomes, respectively, were then de novo assembled by the SPAdes (Bankevich et al. 2012 ) with the multiple k-mer option (command line options: -k 21, 33, 55, 77, 99, 127-pe1-1-pe1-2 -careful).
Metagenome binning, genome quality assessment and gene annotation
Contig sequence (> 4 kb) properties including GC content and sequencing depth coverage values, were used to bin assembled contigs into draft genomes with MaxBin 2.0 (Wu Simmons and Singer 2015) . The estimated genome sizes and completeness of the reconstructed genomes were then assessed using CheckM (Parks et al. 2015) . Gene prediction and annotation of the reconstructed genomes were performed using the Rapid Annotation using Subsystem Technology pipeline (RAST; (Aziz et al. 2008) ). The functional annotation was also checked using BLASTn against the non-redundancy (nr) nucleotide database. Peptidase predictions were obtained by comparison against the MEROPS peptidase database (Rawlings et al. 2007) , while GH and glycosyl transferases predictions were obtained by comparisons against the Carbohydrate Active Enzyme database (CAZy) (Cantarel et al. 2008) .
Accession numbers
Metagenomes from the exponential and stationary phases of Synechococcus cultures have been deposited in the NCBI SRA database under the BioProject accession PRJNA396997 (and SRR5896115 and SRR5896114 accessions for exponential and stationary phase metagenomes, respectively). The six reconstructed genomes were deposited in NCBI under the Biosample accessions SAMN07460786-SAMN07460791.
RESULTS AND DISCUSSION
Cultivation of Synechococcus and associated heterotrophs
Synechococcus strain XM-24 was isolated from eutrophic ocean waters in the Xiamen region and grown on SN medium with reduced salinity (Zheng et al. 2018) . The strain belongs to the 5.2 subcluster of the CB5 clade that are typically associated with eutrophic estuaries (Chen et al. 2006) . Heterotrophic bacterial communities within the 0.22-3 μm and > 3 μm size-fractions of 72 day Synechococcus sp. XM-24 cultures were investigated previously with high-throughput 16S rRNA gene sequencing (Fig. S1 , Supporting Information) (Zheng et al. 2018) . A total of 380 OTUs were previously detected in the co-culture system, with dominance by four heterotrophic bacterial orders that comprised greater than 90% of the total heterotroph community: Flavobacterales (44.2%), Rhodobacterales (28.8%), Cytophagales (13.1%) and Sphingomonadales (4.1%) (Zheng et al. 2018) .
Four dominant heterotrophic bacterial OTUs were detected from the four primary bacterial orders and displayed different lifestyle preferences (free-living versus attached) in addition to different responses to changes in Synechococcus growth phases (Fig. S2, Supporting Information) . The predominant heterotrophic bacterial OTU among 58 different size-fractionated samples belonged to the genus Fluviicola within the order Flavobacteriales and comprised average relative abundances of 12.4% and 54.1% of the total heterotrophic bacterial communities within the 0.22-3 μm and > 3 μm size fractions of the co-culture systems, respectively. In addition, the OTU displayed an obvious preference for an attached/aggregated lifestyle ( Table 1 , Fig. S2A , Supporting Information) (Zheng et al. 2018) . The second-most dominant OTU belonged to the genus Marivita within the Roseobacter clade and shifted between freeliving and attached lifestyles over the cultivation growth period. The average relative abundances of the OTU over the entire cultivation period were 27.2% and 20.0% within the 0.22-3 μm and > 3 μm size fractions, respectively (Table 1 , Fig. S2B , Supporting Information). The third-most dominant OTU belonged to the genus Roseivirga within the Cytophagales order and ranged in relative abundance from 1.8% to 58.1% (average: 23.8%) of the total heterotrophic bacterial communities in free-living fractions, and from 0.2% to 17.1% relative abundance (average: 4.0%) in the aggregate community fractions (Table 1) . These results suggest that the population corresponding to this OTU exhibited a preference for a free-living lifestyle within the co-culture. Consistent with this interpretation, the relative abundances of the OTU in the 0.22-3 μm cell fractions were greater than in the > 3 μm fractions in the early exponential phase of culture growth, and these differences widened considerably during the decline phase (Fig. S2C, Supporting Information) . The fourth-most dominant heterotrophic bacterial OTU belonged to the Sphingomonadales order and clearly responded to the decline phase of the Synechococcus population. This response was more evident in the > 3 μm community fraction than in the 0.22-3 μm community fraction (Table 1 , Fig. S2D , Supporting Information).
Metagenome assemblies
Two metagenomes were sequenced on the Illumina Miseq platform from the communities within the stationary (34th day) and decline (64th day) phases of the Synechococcus sp. XM-24 batch culture (Fig. S1 , Supporting Information). These times corresponded to when the four aforementioned dominant heterotrophic bacteria exhibited high relative abundances (Table 1) . Metagenomic sequencing resulted in 2859 and 3875 contigs (> 1 kb) comprising a total assembly size of 19.6 and 25.4 Mb, respectively. Five high-quality genomes (estimated completeness > 95% and estimated contamination < 5%) from the Synechococcus co-culture were reconstructed from the assembled contigs (Table 2 ). The four genomes from heterotrophic bacteria belonged to the four dominant bacterial orders: Flavobacterales, Rhodobacterales, Cytophagales and Sphingomonadales. Our previous investigation demonstrated a low diversity of heterotrophic bacteria that are associated with Synechococcus cultures, and this is especially true for dominant community members. Thus, these data are consistent with these previous results. Here, it is assumed that the dominant heterotrophic bacteria (Lau et al. 2006) . Thus, Roseivirga sp. XM-24 and Roseivirga spongicola UST030701-084 T were highly similar and represented conspecifics within the Cytophagales order. A previous study showed that a Roseivirga strain with > 99% 16S rRNA sequence identity to R. spongicola UST030701-084 T exhibited algicidal ability towards phytoplankton (Shi et al. 2013; Sun et al. 2016) , which may also be a potential feature of Roseivirga sp. XM-24.
Altererythrobacter sp. XM-24
The genome of Altererythrobacter sp. XM-24 also suggests that this organism is a PGC-containing bacterium within the Sphingomonadales order. A partial 16S rRNA sequence from the genome (838 nt) shared 98.1% nucleotide identity with the type strain Altererythrobacter ishigakiensis ATCC BAA-2084T (Matsumoto et al. 2011), suggesting they are conspecifics. Members of this genus have been isolated from phytoplankton cultures and blooms (Lei et al. 2014; Higashi et al. 2016) . Members of the Roseobacter clade are characterized as ecological generalists (Moran et al. 2004; Polz et al. 2006; Moran et al. 2007) . In contrast, Flavobacteria are considered specialists in the degradation of complex organic matter and accomplish this by direct attachment and exoenzymatic hydrolysis of phytoplankton cells and phytoplankton-derived detrital particles (Kirchman 2002; Gomez-Pereira et al. 2012; Teeling et al. 2012) . Fluviicola sp. XM-24 and Roseivirga sp. XM-24 both belong to the Bacteroidetes phylum, and their genomes exhibited a high level of functional similarity. Consequently, we primarily focused on the diverse metabolic capacities and lifestyle strategies of Marivita sp. XM-24 (of the Roseobacter clade) and the specialized biopolymer degradation functionalities of Fluviicola sp. XM-24 (of the Flavobacteria) for brevity.
Genomic insights into the metabolic versatility of Marivita sp. XM-24
The analysis of microbial genomic and metabolic potential characteristics in aquatic environments have primarily focused on the adaptations of individual species for obtaining both macro-(C, N, P and S) and micro-nutrients, which differ based on quantities needed. Thus, our discussion and analyses primarily focus on these nutrient types (Fig. 1 ).
CO oxidation
CO is an important greenhouse gas in seawater, and is generated when sunlight oxidizes dissolved organic matter (DOM) at ocean surfaces. Members of the Roseobacter clade oxidize carbon monoxide (CO) as a supplemental energy source during heterotrophic growth (Buchan Gonzalez and Moran 2005; Cunliffe 2011) . Operons encoding aerobic carbon monoxide dehydrogenases (coxSML) that catalyze the oxidation of CO to CO 2 , belong to two groups: the BMS (Bradyrhizobium, Mesorhizobium and Sinorhizobium within the order Rhizobiales) and the OMP (Oligotropha, Mycobacterium and Pseudomonas), which exhibit different affinities for CO (King 2003) . Both of these cox operon types were present in the Marivita sp. XM-24 genome. The cooccurrence of two cox operons in the same genome suggests that the organism could use them differentially when CO concentrations vary (Cunliffe 2011) . In addition to the catalytic subunits, the other four cox accessory genes (coxDEFG) were also found in the genome.
Transport systems and organic carbon uptake
Membrane transporters play vital roles in the uptake of essential elements, vitamins and/or energy sources in response to environmental variation. Our comparative analyses revealed that the Marivita sp. XM-24 genome mainly contained two types of transporter systems-the tripartite ATP-independent periplasmic (TRAP) and ATP-binding cassette (ABC) transporters. A total of 27 complete TRAP systems are encoded in the genome of Marivita sp. XM-24, and their substrate range comprises C4-dicarboxylates, pyruvate, sialic acid and other unknown substrates. Further, nearly 80 ABC transporter systems (that contained a minimum of the ATP-binding and permease protein components) were present in the Marivita sp. XM-24. These ABC transporters consisted of many that are involved in transporting LMW-organic carbon compounds or nutrients. For example, five operons for the import of ribose (rbsABC), one operon for fructose (frcABC), four operons for nucleosides (nclABC) and three operons for importing glycerol-3-phosphate (ugpACEglpSU) were detected in the genome. In addition, five tricarboxylate transport cassettes were found in the Marivita sp. XM-24 genome. Moreover, genes involved in xylose utilization, mannose metabolism, erythritol utilization, inositol catabolism and trehalose uptake and utilization were present in the genome of Marivita sp. XM-24 (Fig. 1) , suggesting that the organism is capable of a broad range of organic carbon utilization.
Polyhydroxyalkanoate metabolism
Polyhydroxyalkanoate (PHA) is an intracellular carbon and energy storage polyester that is synthesized by a wide variety of bacteria (Anderson and Dawes 1990; Rehm Mitsky and Steinbuchel 2001; Xiao and Jiao 2011) . The intracellular accumulation and degradation of PHA are usually related to environmental conditions and microbial growth in response to these conditions (e.g. the level of nutrients in media) (Ackermann and Babel 1997; Xiao and Jiao 2011) . The biosynthesis of PHA begins with the combination of two acetyl-CoA molecules to form acetoacetylCoA that is subsequently reduced to hydroxybutyryl-CoA. The hydroxybutyryl-CoA monomer is then polymerized to synthesize PHA (Anderson and Dawes 1990) . The key genes for PHA accumulation (PHA polymerase, phaC) and degradation (PHA depolymerase, phaZ) were present in the genome of Marivita sp. XM-24.
Nitrogen-and phosphorus-nutrient uptake
Roseobacter have a large complement of genes involved in the uptake and metabolism of nitrogen compounds, which is a significant component of their metabolic lifestyle (Moran et al. 2004; Swingley et al. 2007; Wagner-Dobler et al. 2010) . Four transporters for ammonium (amt) and one for urea (urtABCDE) were present in the Marivita sp. XM-24 genome, in addition to ammonium (glnA, gdhA) and urea (ureABCDEFG) assimilation genes. Genes involved in nitrate/nitrite assimilation (nasA, nirBD, nasDEFST) , and the reduction of oxidized nitrogen compounds (nosRX, norDQBCA) were also identified. In addition, genes involved in cyanate transport and hydrolysis were identified in the genome and confer the capability to hydrolyze cyanide to CO 2 and NH 3 . Two ABC transport systems that are involved in importing polyamines and putrescine were also present in the genome (Fig. 1) .
Phosphorous availability is an important limiting factor for bacterial growth in oceans. The Marivita sp. XM-24 genome contained a high affinity phosphate transporter (pstSCAB) and regulatory system (phoUBR). Further, the genome indicated that the organism also has the ability to degrade chemically stable C-P bond-containing phosphonates (phnDCE2E1).
Sulfur transformations and metabolism
The metabolism of both inorganic (H 2 S and S) and organic (DSMP and DSMO) sulfur compounds is widespread among members of the Roseobacter clade (Buchan Gonzalez and Moran 2005; Wagner-Dobler and Biebl 2006; Moran et al. 2012) . The oxidative transformation of inorganic forms of sulfur is involved in sulfurbased lithoheterotrophy, and these metabolic processes are frequently observed in estuary, coastal and benthic marine environments (Moran et al. 2012) . The complete gene cluster conferring the capacity to oxidize inorganic sulfur (soxRSVWXYZ-ABCDF) was present in the Marivita sp. XM-24 genome (Fig. 1) . Thus, inorganic sulfur oxidation (to sulfate) is a likely source for additional conserved energy in these organisms.
Dimethylsulfoniopropionate (DMSP) that is produced by marine phytoplankton as an osmoprotectant accounts for up to 10% of the phytoplankton fixed carbon in sunlit seawater layers (Archer et al. 2011; Moran et al. 2012) . Its production by phytoplankton and degradation by Roseobacter provide an excellent example to study the close associations among the two functional guilds. Members of the Roseobacter clade can metabolize DMSP to form methanethiols (demethylation) or DMS (cleavage), which then escape into the atmosphere (Moran et al. 2012) . Marivita sp. XM-24 possesses both the demethylation pathway (dddD and dddL) and the cleavage pathway (dmdABCD) for DMSP metabolism. Further, dimethyl sulfoxide (DMSO) reductases (dmsABC) that catalyze the reduction of DMSO to dimethyl sulfide (DMS) were also found in Marivita sp. XM-24 (Fig. 1) . This enzyme serves as a terminal reductase under anaerobic conditions, wherein DMSO is the terminal electron acceptor.
Specialized features of attachment and biopolymer utilization in Fluviicola sp. XM-24
CO 2 uptake The Fluviicola sp. XM-24 genome contained two types of putative bicarbonate importer systems (BicA and HatR) that are similar to those found in Polaribacter sp. MED152 (Gonzalez et al. 2008) (Fig. 2) . BicA and HatR are both Na + -dependent transporters Figure 1 . Overview of transporter systems and carbon (C), nitrogen (N), phosphorus (P), and sulfur (S) metabolism in Marivita sp. XM-24. Marivita sp. XM-24 could use diverse low molecular weight dissolved organic matter (LMWDOM) as sources of carbon, nitrogen, phosphorus and sulfur. ATP-dependent transport systems, including ABC (ATP-binding cassette) transporters, and TRAP (tripartite ATP-independent periplasmic) transport systems, are mainly responsible for the uptake of LMW DOM and other inorganic nutrients. TonB-dependent transporters (TBDT) are primarily involved in the uptake of sugars, polymers and vitamin B12. Polyhydroxyalkanoate (PHA), as an intracellular carbon and energy storage polyester, could be synthesized and degraded by Marivita sp. XM-24. Adhesion-related proteins or structures (e.g. type IV pili) for attachment to surfaces were also present in the genome. In addition, Marivita sp. XM-24 has the capacity to perform bacteriochlorophyll a-based anoxygenic photosynthesis to harvest light energy and establish a trans-membrane proton gradient for the generation of ATP.
and display low and high affinities for bicarbonate, respectively. However, BicA exhibits a relatively high flux rate (Shibata et al. 2002; Price 2011) . In addition, a carbonic anhydrase that is responsible for the interconversion of CO 2 and bicarbonate was also found in the genome. However, the Fluviicola sp. XM-24 genome did not possess any of the genes involved in autotrophic bicarbonate fixation pathways.
Cyanophycin utilization
Cyanophycin is a water-insoluble peptide, storage biopolymer (multi-L-arginyl-poly-L-aspartic acid) and is synthesized by most, but not all Cyanobacteria (Burnat, Herrero and Flores 2014) . Cyanophycin is resistant to hydrolysis by a number of commercially available endoproteases and exopeptidases (Richter et al. 1999; Burnat, Herrero and Flores 2014 Cell surface proteins could be involved in polymer breakdown and cell-cell adhesion in the Bacteroidetes (FernandezGomez et al. 2013; Barbeyron et al. 2016) . In particular, internalins are surface proteins that contain internal repeats or Ca 2+ -dependent adhesion motifs that are known to participate in attachment or aggregation (Schubert et al. 2002) . Forty-five genes encoding internalins, with an average length of 2583 bp, were found in the genome of Fluviicola sp. XM-24 and comprised 3.3% of the entire genome length. Nine predicted internalin genes were also present in the genome of Roseivirga sp. XM-24, and exhibited an average length of 3155 bp. A total of 12 additional proteins annotated as surface proteins were present in the Fluviicola sp. XM-24 genome, and some contained the fasciclin domain that is involved in extracellular cellular adhesion (Moody and Williamson 2013) . Glycosyl transferases (GTs) participate in the biosynthesis of different polysaccharides involved in diverse functions including surface adhesion, biofilm formation, and carbon storage (Taniguchi et al. 2002; Fernandez-Gomez et al. 2013) . A total of 92 glycosyl transferases were present in the genome of Fluviicola sp. XM-24. Polysaccharides, especially exopolysaccharides, may help Fluviicola sp. XM-24 to establish or maintain close associations between itself and phytoplankton (Amin Parker and Armbrust 2012; Fernandez-Gomez et al. 2013) . XM-24 has multi-gene clusters responsible for the extracellular degradation of high molecular weight dissolved organic matter (HMW-DOM) or particulate organic matter (POM), in addition to the transport of products through the membrane with SusCD systems (the polysaccharide utilization system within the figure was modified from Flint et al. 2008) . Fluviicola sp. XM-24 also uses low molecular weight (LMW) DOM as sources of carbon, nitrogen and phosphorus via ATP-dependent (e.g. ATP-binding cassette; ABC type) transporters. TonB-dependent transporters (TBDT) are primarily involved in the uptake of HMW-DOM including sugars, polymers and vitamin B12. Cells can glide over cell or particle surfaces, and contain numerous surface proteins that can facilitate attached/aggregate lifestyles. Thymidine diphosphate-L-rhamnose (dTDP-Lrhamnose) is an essential assembly scaffold for surface glycoconjugates and can be synthesized by Fluviicola sp. XM-24. In addition, the genome of Fluviicola sp. XM-24 encodes a proteorhodopsin that functions as a light-driven ion pump to produce ATP via ATP synthases.
Synthesis of rhamnose-containing glycan
Bacterial cell-surface glycoconjugates including glycoproteins, glycopeptides, glycolipids, glycosides and lipopolysaccharides are important for attachment/aggregation and cell-cell/matrix interactions, including cell-cell recognition (Martinez et al. 2012) . The synthesis of thymidine diphosphate-L-rhamnose (dTDP-L-rhamnose) is essential for assembly of surface glycoconjugates in a growing list of bacterial taxa (Graninger et al. 1999) . Four genes, rmlABCD, which function sequentially to convert glucose-1-phosphate and deoxy-thymidine triphosphate (dTTP) into dTDP-rhamnose (Graninger et al. 1999; Kaminski and Eichler 2014) , were present in the Fluviicola sp. XM-24 genome (Fig. 2) . RmlA (glucose-1-phosphate thymidylyltransferase), combines thymidine monophosphate with glucose-1-phosphate to form dTDP-glucose, while RmlB (dTDP-glucose-4,6-dehydratase) catalyzes the oxidation and dehydration of dTDP-glucose to create dTDP-4-keto 6-deoxy-glucose. Then, RmlC (dTDP-4-dehydro-6-deoxy-glucose-3,5-epimerase) catalyzes a double epimerization at the C3 and C5 positions of the sugar. Lastly, RmlD (dTDP-4-dehydrorhamnose reductase) catalyzes the reduction of the C4 keto group of the sugar to synthesize dTDP-rhamnose.
Polymer degrading enzymes: peptidases and GHs
A typical characteristic of Bacteroidetes, and particularly Flavobacteria, is the ability to degrade particulate organic matter (POM) or HMW-DOM by coupling adhesion and degradation for efficient metabolism (Gonzalez et al. 2008; Fernandez-Gomez et al. 2013) . We investigated the presence of polymer degrading enzymes including peptidases and glycosyl hydrolases (GHs), and found evidence for their existence in four of the recovered heterotrophic bacterial genomes. There were many more peptidases in Fluviicola sp. 67.4 per Mb) and Marivita sp. 56.7 per Mb) compared to Roseivirga sp. 38.8 per Mb) and Alteroerythrobacter sp. 43.3 per Mb) . The abundances of predicted GH genes were similar among Marivita sp. XM-24, Fluviicola sp. XM-24, and Roseivirga sp. XM-24 genomes, ranging from 92 to 132 (25.4 to 29.9 per Mb), while the Alteroerythrobacter sp. XM-24 genome contained the fewest GHs (68, 27.0 per Mb). In addition, genes involved in polysaccharide lyase (PL), which function in the non-hydrolytic cleavage of glycosidic bonds, were much more abundant in the two Flavobacteria (21 in Fluviicola sp. XM-24 and 10 in Roseivirga sp. XM-24) than in the two Alphaproteobacteria (three in each).
The genome of Fluviicola sp. XM-24 exhibited an abundance of peptidases and carbohydrate-active enzymes (CAZymes), including GHs and PLs, that can mediate the efficient degradation of protein and polysaccharide polymers (Bauer et al. 2006; Fernandez-Gomez et al. 2013) . Further, two multi-gene clusters involved in polysaccharide utilization and one gene cluster related to polypeptide degradation were identified in the Fluviicola sp. XM-24. These gene clusters usually encode several GHs and sugar-specific outer-membrane SusCD complexes that are responsible for the binding and uptake of oligosaccharides (Shipman Berleman and Salyers 2000; Flint et al. 2008) . A starchutilization gene cluster (sus) comprising one of the polysaccharide utilization loci was present in the genome of Fluviicola sp. XM-24 and contained all the essential genes (susABCDG) for starch utilization ( Fig. 2; Fig. S3 , Supporting Information). SusG is a neopullulanase that locates on the outer membrane or is an extracellular enzyme that is responsible for cleaving α-(1,4) linkages in amylose, amylopectin and pullulan. This enzyme catalyzes the hydrolysis of starch molecules into oligosaccharides that can then enter the periplasm (Shipman et al. 1999) . SusC and SusD are physically associated and contribute to starch binding and transportation. SusC is a porin protein that is essential for starch binding and can import molecules ranging in size from dimeric maltose to heptameric maltoheptaose (Shipman Berleman and Salyers 2000) . SusA is another neopullulanase, but is located in the periplasm and is proposed to hydrolyze incoming oligosaccharides in the bacterial periplasm. In contrast, SusB is an α-glucosidase that appears to be a cytoplasmic enzyme (D'Elia and Salyers 1996) .
In addition to the carbohydrate utilization genes mentioned above, a xylan-utilization gene cluster was also detected in the Fluviicola sp. XM-24 genome (Fig. S4 , Supporting Information). Xylan is a complex polysaccharide consisting mostly of xylose and a small quantity of arabinose, in addition to traces of galactose, rhamnose, glucuronic acid, galacturonic acid and other residues (Bastawde 1992) . The xylan-utilization gene cluster mainly comprises an endo-1,4-beta-xylanase A (xylA) and a susCD system, and shares similar protein composition and transmembrane structure (i.e. extracellular/outer membrane, transmembrane, periplasmic and inter membrane enzymes) with Sus ( Fig. S3 and S4 , Supporting Information). Importantly, xylanase can degrade the linear polysaccharide, beta-1,4-xylan, into xylose, conferring the breakdown of hemicellulose, which is an important component of phytoplankton cell walls (Bastawde 1992; Beg et al. 2001) .
In addition to polysaccharide degradation functionalities, Fluviicola sp. XM-24 harbors one gene cluster containing three types of peptidase, an aminopeptidase, a peptidase with a S8/S53 domain, and carboxypeptidase A (Fig. S5 , Supporting Information). The presence of these genes suggests that it is capable of hydrolyzing and utilizing complex proteins. The carboxypeptidase protease is an exopeptidase that hydrolyzes peptide bonds of carboxy-terminal (C-terminal) residues. Carboxypeptidase A displays a strong preference for amino acids containing aromatic or aliphatic side-chains (Christianson and Lipscomb 1989) . In contrast to carboxypeptidases, aminopeptidases catalyze the cleavage of amino acids from the amino terminus (N-terminus) of proteins or peptides (Sato 2004) . The peptidase containing the S8/S53 domain is usually functional as an endopeptidase, and is distributed ubiquitously among bacteria. Both peptidases of the S8 and S53 families have a catalytic triad comprising Asp, His and Ser; and Glu, Asp, Ser and an additional acidic residue, respectively.
Oxidative stress and superoxide dismutase
Superoxide is one of the primary reactive oxygen species (ROS) that cells encounter, and can cause many types of cellular damage that is especially problematic for oxygenic photoautotrophs. Previous studies have indicated that the removal of reactive oxygen species is a key interaction between co-occurring heterotrophic bacteria and Cyanobacteria (Morris et al. 2008; Morris et al. 2011) . 
Vitamin B 12 biosynthesis
Vitamin B 12 is an essential cofactor for a number of metabolic activities within cells, and its biosynthesis requires at least 19 separate enzymatic steps (Giovannoni 2012; Helliwell et al. 2016) . The genomes of Synechococcus sp. XM-24 and Marivita sp. XM-24 contained all of the core genes for de novo cobalamin biosynthesis. The other three genomes from heterotrophic bacteria indicated that they are likely auxotrophs for vitamin B 12 . This lack of gene complements for synthesis is consistent with the presence of genes involved in vitamin B 12 transport in the three genomes, including an outer membrane receptor, permease and ATPase components. These observations suggest that vitamin trafficking may play an important role in interspecies interactions within co-culture systems, and may also contribute to the connectedness observed among environmental microbial communities (Giovannoni 2012) .
Interactions within the Synechococcus co-culture system
Both healthy/living (before decline phase) and dying/dead (decline phase) Synechococcus populations release organic carbon that is metabolized by heterotrophic bacteria, and the concentration and biochemical nature of the exudates vary with the growth phase of the Synechococcus (Zheng et al. 2018) . In particular, the relative cellular proportions of proteins, lipids and polysaccharides within phytoplankton vary with different growth phases or physiological status (Fernandez et al. 1992; Van Rijssel et al. 2000) . The variable compositions of phytoplankton organic compounds in turn influences the metabolic activity and community shifts of heterotrophic bacteria associated with the phytoplankton (Callieri et al. 2017) . Fluviicola sp. XM-24 and Marivita sp. XM-24 are the most abundant heterotrophic bacteria associated with healthy, active Synechococcus growth stages (Zheng et al. 2018) . During these growth stages, Synechococcus provides labile organic matter, including POC and DOC, for heterotrophs, while heterotrophic bacteria metabolize organic matter and re-generate essential nutrients for Synechococcus, including vitamin B 12, NH 4 + , PO 4 − and Fe 2+ (Bjornsen 1988; Myklestad 2000) (Fig. 3) . Our results suggest that Fluviicola sp. XM-24 specializes in the degradation of complex compounds within POM and HMW-DOM pools (Fig. 3) . In contrast, Marivita sp. XM-24 utilizes both HMW-DOM and labile LMW-DOM, including by-products from Fluviicola sp. XM-24 metabolism (Fig. 3) . Nevertheless, interactions between Synechococcus and their associated heterotrophic bacteria are not only synergistic, but can vary with different phases of Synechococcus growth (Fig. 3) . In particular, competition and parasitism may also occur after the late exponential phase. For example, Marivita sp. XM-24 might compete with Synechococcus for essential inorganic nutrients (e.g. PO 4 3− and NO 3 − ). Further, Roseivirga relatives can produce algicidal compounds when Synechococcus become abundant in co-culture systems (Shi et al. 2013; Sun et al. 2016) (Fig. 3) . Genes coding for subtilisin-like serine proteases were observed in the Roseivirga sp. XM-24 genome, which have exhibited algicidal activities in previous studies (Lee et al. 2000; Demuez GonzalezFernandez and Ballesteros 2015) . The timing of Altererythrobacter sp. XM-24 response (i.e. during the decay/decline phase of Synechococcus growth), indicates that it mainly interacts with Synechococcus-derived compounds/detritus that primarily occur as a result of cellular lysis (Fig. 3) .
The generalist Marivita sp. XM-24
Organisms within the Roseobacter clade are globally distributed in oceans and are considered important ecological generalists. Diverse members of the Roseobacter clade harbor large gene pools and a remarkable suite of mechanisms by which to obtain organic carbon, other nutrients and energy. The Roseobacter clade contains more than 70 described genera, which span 11% nucleotide sequence divergence of 16S rRNA genes, indicating that they are one of the phylogenetically broadest marine bacterial lineages. Further, the Roseobacter clade comprises up to 20% of coastal bacterioplankton communities (Gonzalez et al. 2000; Selje Simon and Brinkhoff 2004) , and is a major marine water microbial group. Finally, members can exhibit diverse lifestyles including free-living and particle-associated phases, in addition to symbiotic relationships with marine phytoplankton (Webster et al. 2004; Buchan et al. 2014) . Consistent with the above characteristics of Roseobacter, the genome of Marivita sp. XM-24 exhibits diverse metabolic potential (e.g. CO oxidation, numerous transporters, poly-β-hydroxybutyrate metabolism, assimilatory nitrate reduction, sulfur metabolism and mixotrophy) suggesting that this organism has abundant adaptations to allow inhabitation of various marine environments (Fig. 1) . The coupled physiological adaptations of Marivita sp. XM-24 between lifestyle in culture (freeliving versus attached) and metabolic characteristics, provide an ideal resource to explore strategies used by Roseobacter to obtain carbon and energy, in addition to their interactions with other microorganisms.
The specialist Fluviicola sp. XM-24
Flavobacteria are the major Bacteroidetes lineage in the ocean, comprise 10%-20% of the bacterial communities in the open ocean, and are most abundant in temperate to polar oceans (Cottrell and Kirchman 2000; Alonso et al. 2007 ). Flavobacteria preferentially metabolize complex organic matter rather than simple, monomeric LMW compounds, and play important roles in the conversion of HMW compounds to LMW compounds in natural environments (Teeling et al. 2012; Fernandez-Gomez et al. 2013 ). Flavobacteria degrade a broad range of biopolymers, and particularly polysaccharides and proteins via exoenzymatic hydrolysis and direct attachment to phytoplankton cells and phytoplankton-derived detrital particles (Kirchman 2002; Gomez-Pereira et al. 2012; Teeling et al. 2012) . Two polysaccharide-utilization loci (for starch and xylan metabolism) and one polypeptide-utilization loci that contained several GHs and peptidases that are adjacent to cell surface/adhesive proteins, were identified in the genome of Fluviicola sp. XM-24 (Fig. 2) .
Microbial interactions, including synergism, competition and parasitism dictate species success or failure in natural environments, and drive bacterial diversity patterns and evolution in marine ecosystems (Hibbing et al. 2010; Brussaard et al. 2016) . Each microbial population in the ocean is in an interacting network, and no populations exist alone over the long term in these environments. The data we present here demonstrates that different heterotrophic bacteria exhibit both unique and shared roles in modulating the interactions between Synechococcus and heterotrophic bacteria in co-culture systems. These interactions serve as an important foundation for investigating and elucidating important microbial metabolic strategies and ecologies in marine systems. Future investigation of how top-down (viral lysis and predation) and bottom-up (variation in nutrients, CO 2 and light) processes impact photoautotroph-heterotroph systems would deepen our understanding of nutrient cycling and microbial interactions in marine environments.
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